Purpose The percutaneous insertion technique requires surgical skill and experience. However, there have been few clinical reports evaluating the accuracy of minimally invasive pedicle screw placement using the conventional fluoroscopy method. The purpose of this study was to evaluate the accuracy of percutaneous pedicle screw placement in the treatment of thoracic and lumbar spine fractures using two-plane conventional fluoroscopy. Methods A prospective clinical trial was performed. A total of 502 percutaneous pedicle screws in 111 patients, all inserted with the assistance of conventional fluoroscopy, were evaluated. The safety and accuracy of pedicle screw placement were based on the evaluation of postoperative axial 3-mm slice computed tomography scans using the scoring system described by Zdichavsky et al. [Eur J Trauma 30:234-240, 2004; Eur J Trauma 30:241-247, 2004]. Results 427/502 pedicle screws (85 %) were classified as good and excellent concerning the best possible screw length and 494/502 (98 %) were found to have good or excellent position. One screw had to be revised due to medial position with a neurological deficit. Conclusions This study demonstrates the feasibility of placing percutaneous posterior thoracolumbar pedicle screws with the assistance of conventional fluoroscopy. Minimally invasive transpedicular instrumentation is an accurate, reliable and safe method to treat a variety of spinal disorders, including thoracic and lumbar spine fractures.
Introduction
In the last two decades, there has been a clear trend in surgery to minimize the injury to normal tissues while abating the same or a better surgical outcome. The idea of percutaneous transpedicular instrumentation for thoracic and lumbar spine fractures has a long history. Percutaneous transpedicular instrumentation was first performed and described by Magerl in 1977 [14] . It was brought into play for temporary external fixation of spinal fractures and in case of infections [14, 15] .
The advantage of percutaneous dorsal pedicle screw instrumentation appears to be obvious with respect to the approach. There is no need to remove the spinal muscle from the insertion leading to reduced muscle function, which has been investigated and shown in an electromyophysiological study. Using this technique, significant reduction of blood loss was achieved. Grass et al. [8] showed an average blood loss of 43 ml (10-90 ml) versus the open approach needing 870 ml (570-1,200 ml). A faster rehabilitation due to the less invasive technique has been described by different current publications [3, 5, 6, 22] .
The accurate placement of pedicle screws requires surgical skills and experience, especially for the percutaneous insertion technique. Although percutaneous posterior instrumentation has been described in several clinical studies [1, 4, 11, 13, 15, 17, 18, 23, 24] , there is lack of data in the literature concerning their use in thoracic and lumbar spine fractures. Traditional open thoracolumbar instrumentation results in significant iatrogenic damage of the vital dorsal musculoligamentous complex [8, 10, 19, 21] .
Therefore, the purpose of this prospective study was to investigate the precision, accuracy, and safety of percutaneous pedicle screw insertion for spine fractures in a larger, consecutive number of screws.
Materials and methods
Aiming at a minimum of 500 pedicle screws, 502 consecutively applied screws in a percutaneous technique were included in the study. The operative technique involved a simultaneous double image intensifier. Inclusion criteria were trauma of the thoracic and lumbar spine requiring dorsal instrumentation (±additional ventral fusion or augmentation). After a certain period of training with this technique, the percutaneous screw application was used as a standard procedure in spinal trauma for all patients, if the following criteria were fulfilled:
1. sufficient X-ray projection in two planes intraoperatively; 2. sufficient reposition by closed means in a prone position; 3. no need for additional dorsal open approach (for laminectomy, spinal decompression, fusion or in rotational instability).
All patients in this study underwent a thin-slice CT scan preoperatively for exact evaluation of fracture pattern and preoperative planning for correct pedicle diameter and vertebral lengths. Figure 1 demonstrates a typical example of preoperative CT scan to evaluate the fracture pattern (angle of kyphosis, instability criteria) that allows a classification of the fracture according to Magerl et al. [16] (Fig. 1a, b) . For each pedicle screw to be placed percutaneously, a preoperative planning was performed to determine an adequate screw diameter as well as the maximum possible screw length and the adequate convergence angle (Fig. 2a, b, c) .
Patients were placed in the prone position on a carbon fiber radiolucent operating table with the chest and pelvis supported to gain lordosis. The intraoperative setting is shown in Fig. 3 . The repositioning of a traumatic kyphosis is performed percutaneously on the table. The quality of reposition is controlled through the lateral and a.p. image intensifier. A.p. and lateral fluoroscopy projections should be parallel to the end plates nearest the screw to be inserted. An adequate fluoroscopic image of the pedicles should be obtained in both the a.p. and lateral views before proceeding. The spinous process should be midline between the pedicles to ensure a direct a.p. projection. Depending on the depth of the tissue between the skin and pedicle, the skin incision should be made 1-2 cm laterally so that the Jamshidi needle can be angled appropriately when inserting it into the pedicle. After placing the Jamshidi needle at the intersection of the facet and the transverse process, an a.p. image should show the needle tip initially at the lateral margin of the pedicle in the ''3 o'clock'' (right pedicle) or ''9 o'clock position'' (left pedicle). While the Jamshidi needle is advanced into the pedicle, a.p. and lateral fluoroscopy should be used intermittently as needed to confirm the direction, making sure that the needle remains lateral to the medial pedicle wall. As the needle advances toward the base of the pedicle on the lateral image, it should approach the pedicle center on the a.p. image. A guidewire is inserted through the cannula and into the pedicle. The cannula is then carefully removed, leaving only the guidewire in place. The fascia and muscle must be dilated (dilatation system) to allow for screw placement. After preparation of the pedicle with a tap, the cannulated pedicle screw is inserted over the guidewire (Fig. 4) .
For stabilization of traumatic thoracic and lumbar spine fractures and other spinal disorders, the CD Horizon Longitude TM multi-level percutaneous fixation system (Medtronic Sofamor Danek) was used between June 2009 and January 2011. Pedicle screws with a diameter between 4.5 and 7.5 mm were inserted, depending on the pedicle width in the preoperative CT scans. The pedicle screws were inserted according to anatomical landmarks using true a.p. and lateral fluoroscopic visualization of the spine.
All patients underwent a thin-slice postoperative CT scan to measure and classify the accuracy of pedicle screw placement. The screw length was measured in percent of the maximal possible length of the vertebral body. The accuracy of pedicle screw placement was based on evaluation of postoperative axial 3-mm slice computed tomography scans using the scoring system described by Zdichavsky et al. [27, 28] (compare Fig. 5 ). The best positioning options are the 1a and the 1b types. The 2a or 2b position must be evaluated for stability, but usually does not require a revision. In a 3a and 3b malposition, depending on stability or the possible neurological irritation, a screw revision must be considered. A total of 111 patients with 502 percutaneous pedicle screw instrumentations in 251 vertebral bodies were included in this study. All patients admitted to our department between July 2009 and January 2011 who required a dorsal instrumentation for stabilization of thoracic or lumbar spine injuries were included to check the study criteria; 34 patients did not fulfill inclusion criteria and underwent open dorsal instrumentation during that time period. The remaining 111 patients (77 %) fulfilled the criteria and were included in the study. The mean age of the patients at the time of surgery was 63 ± 16 years (range 15-88 years).
Of the 111 patients, 40 underwent a dorsal instrumentation without additional procedures, 53 patients in the older age group received an additional percutaneous balloon kyphoplasty, and 18 patients underwent a minimally invasive ventral procedure.
Results
All 111 patients with 502 pedicle screws placed in a percutaneous technique were evaluated according to the above described technique. An excellent position (type Zdichavsky 1a) and an excellent screw length of a 100 % total vertebral body length are shown in Fig. 6a, b . The highest level of percutaneous instrumentation of the series was Th4 and the lowest was L5. Of 502, 316 (63 %) were placed in the thoracolumbar junction (Th11-L2) as typically seen in a trauma group (Fig. 7) . The evaluation scale to measure the precision in percutaneous pedicle screw application is shown in Fig. 8 . All screws that showed a longer length of 85 % of the total vertebral length were evaluated as good; Fig. 4 Diagrams illustrating the anatomical principles of percutaneous pedicle screw insertion: axial view, a.p. view, lateral view, and axial view (top to bottom). 0: Projection point of the pedicle onto the backskin. X: Incicion point. First, the needle tip is docked onto the lateral margin of the pedicle in three (right pedicle) and nine (left pedicle) o'clock position (position A). As the needle advances toward the base of the pedicle on the lateral image, it should approach the pedicle center on the a.p. image (position B). When the Jamshidi needle exceeds the posterior wall of the vertebra on the lateral image, the tip of the needle has to remain lateral to the medial pedicle wall on the a.p. image (position C) b if 90 % or more of the total possible length was achieved, the length was evaluated as excellent. In 243 screws, the length was close to 100 %, and in 135 screws 91-95 % of the total length was achieved. Seventy screws revealed a length of 86-90 % and 18 screws show a length between 81-85 % of the total possible length. A group of 24 patients had a bicortical screw fixation with the tip of the screw a few millimetres ahead of the ventral cortex of the vertebral body. None of these screws needed revision. Of 502 screws, 427 (85 %) therefore show more than 85 % of [27, 28] was adopted. Best positioning options are 1a and 1b. A 2a or 2b position must be evaluated for stability, usually do not require revision. A 3a and a 3b malposition might need revision for lack of stability (3a) or neurological irritations (3b) Fig. 6 Postop CT scan to measure length and position of pedicle screws. Both show excellent length (=100 %) and positioning (Zdichavsky 1a) [27, 28] Eur Spine J (2013) 22:495-502 499 the total possible length and are evaluated as good or excellent (Fig. 9) . The evaluation scale to determine precision in percutaneous pedicle screw application was adopted from Zdichavsky et al. [27, 28] as shown in Fig. 5 . There were three patients with the 3b medial malposition in Th4, Th8, and Th11, respectively. One revision was necessary due to a 3b medial malposition of a pedicle screw at the level Th8 in a patient with ankylosing spondylitis which let to an incomplete spinal cord lesion (Frankel/ASIA C).
The neurological symptoms remained until transfer to a rehabilitation center. In the remaining 110 patients, no screw revision was needed. A total of 494-502 (98 %) of screws turned out to have a good or perfect position (Fig. 10) . In all patients, we recommended the removal of pedicle screws after non-fusing instrumentation was performed in a percutaneous fashion without the need to open other than in the first operation. Figure 11 shows the easy steps of removal of pedicle screws in a percutaneous fashion.
Discussion
The current trends toward minimally invasive surgical techniques represent an important shift in the practice of contemporary spinal surgery. Accurate placement of pedicle screws will provide optimal mechanical strength and patients' safety. For thoracic pedicle screws used in the treatment of spinal deformities, the incidence of screw misplacement ranges from 3 to 44.2 %. The wide variations in the rate of screw misplacement may be attributed to the different method of evaluating the position of the pedicle screws. Gertzbein and Robinsons [7] reported that 15 % of 71 screws inserted using intraoperative fluoroscopy into a nondeformed thoracic spine between T8 and T12 had penetrated the medial pedicle cortex by 2.1-8.0 mm into the spinal canal. Only two patients developed neurologic complaints, which resolved spontaneously after 6 months without screw removal. Liljenqvist et al. [12] reported that 10 screws (8.3 %) out of 126 in idiopathic scoliosis violated the medial pedicle wall by an average of 1.5 mm and a maximum of 3 mm. There were no neurologic complications in any cases. Belmont et al. [2] reported that only 2 screws were out between 2 and 4 mm among 279 thoracic pedicle screws inserted using intraoperative fluoroscopy, which was confirmed by computed axial tomography. Youkilis et al. [26] reported 19 (8.5 %) cortical violations, [20] .
The accuracy of minimally invasive screw placement in such a large group of trauma patients has not been reported yet. An accurate screw placement concerning the positioning of 98 % is at least as high as an open dorsal instrumentation. There was one critical medial malposition of the screw (Zdichavsky type 3b) leading to a neurological deficit. This happened in a 78-year-old adipose patient with ankylosing spondylitis. We have underestimated the risk of bad visualization using image intensifier in contrast to an open technique in these patients; however, the risk of malposition of pedicle screws in these patients is also high in the open technique. Furthermore in over 95 % of our patients, we achieved more than 85 % of the maximal possible length of the pedicle screw due to exact preoperative planning.
Approximately, 60 % of the fixation strength of thoracic and lumbar pedicle screws is in the pedicle itself. The cancellous bone in the vertebral body adds another 15-20 % of strength, whereas purchase in the anterior cortex offers 20-25 % increase [9, 25] . In normal healthy bone, it is not necessary to routinely engage the anterior cortex, which also avoids the potential danger of injuring the anterior vascular structures. In cases of osteoporosis or problematic fracture type, adequate screw diameters as well as the maximum possible screw length offer the maximum available fixation strength. In cyclic load tests, deeper-inserted screws were found to withstand a greater number of cycles before loosening [29] .
There are certain limitations and disadvantages in the percutaneous technique of fracture instrumentation. Additional reposition by the device is highly limited compared to the open Schanz screw technique. Therefore, we did not use this device, unless an anatomical reduction was achieve in a closed manner in a prone position.
We still do not know if the lordotic pretension used in a Schanz screw technique might result in a better retention of the fracture. This needs to be analyzed in further studies. In a percutaneous technique, a dorsal fusion or an additional fixation between the longitudinal fractures with rotational instabilities is not possible. We therefore did not use a percutaneous instrumentation in these fractures. In all fractures that need an additional ventral fusion, we do not see a problem for a non-fusing percutaneous technique on the dorsal side. In cases of navigation, we think percutaneous screw application technique is very limited and we therefore do not use navigation in combination with percutaneous screw application. 
Conclusion
This study evaluated the radiographic results in 502 pedicle screws in 111 patients who underwent minimally invasive transpedicular instrumentation for thoracic and lumbar spine injuries. The accurate placement of pedicle screws will provide optimal mechanical strength and ensure patients' safety. According to the results presented here, we feel that percutaneous screw application for dorsal pedicle instrumentation in fracture patients is a safe treatment and may be recommended.
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